We have previously shown that NF1 (type 1 neurofibromatosis) p21ras GTPase-activating tumor suppressor protein undergoes major relocalization during the formation of cell-cell junctions in differentiating keratinocytes in vitro. This prompted us to study the distribution of NF1 mRNA under the same conditions by in situ hybridization. In differentiating keratinocytes, the NF1 mRNA signal intensified within the cell cytoplasm within the first 0.5 to 2 hours after induction of cellular differentiation. First, the hybridization signal was evenly distributed throughout the cytoplasm. Subsequently, NF1 mRNA was gradually polarized to the cellular periphery at the side of cell-cell junctions and finally disappeared. Reappearance of NF1 mRNA was found in migrating keratinocytes forming a bilayered culture. Disruption of microfibrillar cytoskeleton, but not microtubules, caused a marked change in the subcellular distribution of NF1 mRNA. This data may suggest that intact actin microfilaments are essential for transport of NF1 mRNA to the cell periphery. This is the first study demonstrating that NF1, or any tumor suppressor mRNA, belongs to a rare group of mRNAs not targeted to free polysomes or ribosomes of the rough endoplasmic reticulum. This finding recognizes a potential way for post-transcriptional modification of NF1 expression. (Lab Invest 2002, 82:353-361).
mRNAs are transported to free polysomes of the cytoplasm or to ribosomes of the rough endoplasmic reticulum to code translation. However, not all mRNA species fit into either category; some are translocated to different cellular compartments. Specifically, an important mechanism to achieve nonuniform protein distribution within the cell is to synthesize proteins at or near their sites of function. Targeting of selected mRNAs to different subcellular locations in cells seems to be a mechanism to allow specific proteins to be synthesized in the subcellular regions where they are required and prevent their expression in regions where they are not needed. Transport of a single mRNA, which can later be used for translation of many protein molecules, may also save energy and thus cut the intracellular "transport costs." Furthermore, localized translation may open up the possibility of local translational control (Bassell et al, 1999; Bassell and Singer, 1997; Nasmyth and Jansen, 1997; St Johnston, 1995) .
Microtubules and actin-containing microfilaments have been shown to function as tracks for mRNA transport. The motors in mRNA transport are molecules having affinity to both cargo and the tracks. These motor molecules include dynein and kinesin, which move along microtubules, and type V myosins, which move along actin filaments (Bassell et al, 1999; Nasmyth and Jansen, 1997) . The RNA transport sequences are responsible for interaction between mRNA and RNA binding proteins that mediate the transport. These transport sequences are usually located in the 3'-untranslated region (UTR) of mRNA. Many mRNAs are transported in the form of ribonucleoprotein particles, which contain components of protein synthesis apparatus (Bassell et al, 1999; Bassell and Singer, 1997; Havin et al, 1998) . Different cell types use different routes for mRNA targeting. For instance, translocation of myelin basic protein mRNA in oligodendrocytes requires microtubules and kinesin motor, and fibroblasts transport ␤-actin mRNA via actin filaments (Carson et al, 1997; Havin et al, 1998; Sundell and Singer, 1991) . Immunoelectron microscopic studies have also demonstrated that mRNAs can associate even with intermediate filaments in fibroblasts (Carson et al, 1997) . Generally, microtubules seem to be involved in long-distance travel, eg, in oocytes and neurons. In these cells, microtubuledisrupting drugs, such as colchicine, arrest the translocation process, and cytochalasin D, an actin-disrupting drug, has no effect when the mRNA is localizing (Bassell and Singer, 1997) . In fibroblasts, actin filaments play the major role, and the opposite effect is seen with cytoskeleton disruption: colchicine has no effect but cytochalasin disrupts localization (Sundell and Singer, 1991) . Relatively little is known about the regulation of mRNA transport. For instance, platelet-derived growth factor has been shown to induce active transport of ␤-actin mRNA to fibroblast lamella (Latham et al, 1994) , and cAMP-dependent protein kinase A has been suggested to be involved in the regulation of mRNA localization (Bassell et al, 1994 (Bassell et al, , 1998 .
Mutations of the NF1 gene cause the neurofibromatosis type 1 syndrome. The hallmarks of the disease include neurofibromas, pigmented café au lait spots of the skin, osseous malformations, learning defects, and predisposition to selected malignant transformations, such as peripheral nerve sheath tumors and leukemias (Riccardi and Eichner, 1986; Stumpf et al, 1987) . Mutations of the NF1 gene have also been found in malignant tissues of otherwise healthy persons (Andersen et al, 1993; Diaz-Cano et al, 2000; Johnson et al, 1993; Li et al, 1992; The et al, 1993) , and the levels of NF1 protein (neurofibromin) and/or mRNA have been reported to be altered in certain proliferative diseases, such as transitional cell carcinoma, basal cell carcinoma, and psoriasis (Aaltonen et al, 1999; Hermonen et al, 1995; Peltonen et al, 1995) .
The NF1 gene has been classified as a tumor suppressor gene because cells of certain malignant tumors of NF1 patients have been shown to display a loss of both alleles of the NF1 gene (Legius et al, 1993) . Sequence analyses have revealed that NF1 protein contains a motif that accelerates the hydrolysis of active ras-GTP to its inactive ras-GDP form in many cells (Basu et al, 1992; Bollag and McCormick, 1992; DeClue et al, 1992; Xu et al, 1990) . NF1 protein has also been shown to form a highaffinity association with bundles of intermediate type cytoskeleton during the short period of formation of cell junctions in differentiating keratinocytes (Koivunen et al, 2000) . Interestingly, Malhotra and Ratner (1994) have demonstrated the presence of NF1 protein near desmosomes, which in turn are connected to bundles of cytokeratin. Interaction of NF1 protein with microtubules and actin has been demonstrated in the literature (Bollag et al, 1993; Gregory et al, 1993; Li et al, 2001; Xu and Gutmann, 1997) . Furthermore, a bipartite interaction has been demonstrated between NF1 protein and syndecan transmembrane heparan sulfate proteoglycans (Hsueh et al, 2001 ).
The levels of NF1 mRNA and protein can be influenced by external stimuli, unlike the products of retinoblastosis 1 tumor suppressor gene, which has been referred to as a housekeeping gene (Hong et al, 1989; Paterson et al, 1995) . Specifically, recent findings have identified phorbol myristate acetate, basic fibroblast growth factor, platelet-derived growth factor, and transforming growth factor ␤1 as upregulators of the NF1 gene in cultured human melanocytes or cultured human fibroblasts (Griesser et al, 1997; Ylä-Outinen et al, 1998) . Rapid changes in NF1 mRNA levels have also been observed in cultures of human keratinocytes (Pummi et al, 2000) . Furthermore, normal wound healing in humans and mice has been shown to induce up-regulation of the NF1 gene in the resident cells (Atit et al, 1999; Ylä-Outinen et al, 1998 ).
The present study utilized cultures of human keratinocytes, which can be used as a well-documented cell differentiation model (Eckert et al, 1997) and which have been successfully used for studies on expression and functions of the NF1 protein (Koivunen et al, 2000) . Differentiation of proliferating keratinocytes to postmitotic cells can be induced by raising the calcium concentration of the culture medium (Eckert et al, 1997; Hennings et al, 1980) . The rapid changes observed in NF1 protein levels in differentiating keratinocytes by Koivunen et al (2000) prompted us to detect NF1 mRNA in the same culture system using in situ hybridization. For instance, Rehbein et al (2000) have shown that ␣-tubulin mRNA is somatically restricted, whereas MAP2 mRNA is recruited into the dendritic compartments in neurons. Thus, our aim was to investigate whether transcription or processing of NF1 mRNA in differentiating keratinocytes is temporally associated with the changes observed at the NF1 protein level.
The findings of the present study show that the NF1 mRNA is targeted to cellular periphery near the intercellular junctions. The amount of NF1 mRNA increases transiently in the cytoplasmic compartment of differentiating keratinocytes. This unequal NF1 mRNA localization pattern might reflect synthesis of NF1 protein near locations where the protein is found during a process of keratinocyte differentiation, ie, in association with the cytoskeleton, near cell-cell junctions, and subplasmalemmal location (Koivunen et al, 2000) . This is the first study to address targeting of any tumor suppressor mRNA and demonstrate polarized translocation of NF1 mRNA to the cell-cell contact zone.
Results

Ca
2؉ -Induced Keratinocyte Differentiation Results in Rapid Elevation of Cytoplasmic NF1 mRNA and Subsequent Polarized Targeting of NF1 mRNA to Cell Periphery Some mRNA species are targeted to specific subcellular locations (Havin et al, 1998; St Johnston, 1995) . For instance, actin mRNA is transported to focal adhesions of fibroblasts (Chicurel et al, 1998) . It has been speculated that targeting of mRNA rather than the corresponding protein to its final subcellular location provides efficiency to cell function by cutting intracellular transport costs (St Johnston, 1995) . In the present study, we used in situ hybridization to investigate the potential targeting of NF1 mRNA. Earlier, we showed that NF1 tumor suppressor protein forms a high-affinity association with cytokeratin 14 during the formation of cellular junctions in differentiating keratinocytes (Koivunen et al, 2000) . Thus, we chose to Ylä-Outinen et al localize NF1 mRNA during keratinocyte differentiation by in situ hybridization to investigate the temporal and spatial distribution of NF1 mRNA in proliferating, differentiating, and postmitotic keratinocytes (Fig. 1a) . When the cells were maintained proliferating in culture medium containing low (Ͻ 0.1 mM) Ca 2ϩ concentration, the NF1 mRNA levels in the cytoplasm were low, compared with differentiating cultures. Keratinocyte differentiation was then induced by elevating the external Ca 2ϩ concentration from Ͻ0.1 mM to 1.8 mM (Eckert et al, 1997; Hennings et al, 1980) . The results revealed an increasing amount of NF1 mRNA in the cytoplasm of virtually all cells during the first 0.5 to 8 hours after the elevation of the external Ca 2ϩ concentration. After the initial relatively even distribution of NF1 mRNA signal in the cytoplasmic compartment, at later stages of differentiation, the NF1 expression was found primarily at the periphery of cells. However, NF1 hybridization signal on the cell periphery was typically polarized towards neighboring cells. When the number of cells with polarized targeting of mRNA was counted on random microscopic fields,~9% of cells cultured in low calcium and 43% of cells cultured in high calcium for 2 hours displayed polarized signal (Table 1) . By 8 to 12 hours, NF1 mRNA was often seen as densely condensed streaks immediately below the plasma membranes facing the adjacent cell. However, NF1 mRNA was only rarely seen near the free cell borders facing the cell-free area. By 24 to 48 hours (most cells are postmitotic), the NF1 mRNA was hardly detectable in cells cultured in high extracellular Ca 2ϩ concentration. In summary, NF1 mRNA expression intensified in the cytoplasmic compartment of the cell shortly after induction of differentiation (elevation of extracellular Ca 2ϩ ) and was maintained until formation of cell junctions and disappeared after all cells of the monolayer had formed cell junctions. However, targeting and disappearing of NF1 mRNA was influenced to some extent by confluency because high cell density can initiate the differentiation process of keratinocytes. The specificity of the digoxigenin (DIG)-labeled NF1 cRNA probe was verified by Northern transfer analysis using mouse brain RNA as a positive reference sample (Fig. 1b) . The results revealed a 11-to 13-kb band characteristic for NF1 mRNA (Griesser et al, 1997; Wallace et al, 1990; Ylä-Outinen et al, 1998) .
NF1 mRNA and Protein Expression at Early and Late Stages of Keratinocyte Differentiation
To temporally relate in situ hybridization findings on NF1 mRNA to the earlier results on NF1 protein by Koivunen et al (2000) , we performed detection of NF1 mRNA and protein in the parallel cultures. For this purpose, cells were cultured in high (1.8 mM) calcium concentration for 2 hours to induce cellular differentiation. NF1 mRNA polarized towards the cell-cell contact zone in cell cytoplasm (Fig. 2a) . Also, the most intense immunosignal for NF1 protein was associated with cytoskeletal filaments extending to the cell periphery towards adjacent cells (Fig. 2b) . In contrast, the free cell edges were characteristically devoid of both NF1 mRNA and the intensely NF1 proteinpositive streaks (Fig. 2 , a and b), which represent bundles of cytokeratin 14 decorated with NF1 protein (Koivunen et al, 2000) .
NF1 mRNA and Protein Reappear in Keratinocytes During Their Migration To Form the Second Layer of Cells
We detected NF1 mRNA by in situ hybridization and NF1 protein by immunofluorescence labeling to investigate the cells forming the second layer of keratinocytes. Cells were allowed to reach confluency and migrate to form a multilayer constitution in high extracellular Ca 2ϩ (1.8 mM) (Fig. 2 , c and d). First, the NF1 mRNA hybrids were visualized with ALEXA 488 fluorescence to allow analyses by laser scanning microscopy to determine the optical level of the hybridization signal. Figure 2c demonstrates an optical section of a second layer cell (12 m above the bottom) demonstrating a polarized NF1 mRNA hybridization signal in a migratory cell in a top layer keratinocyte. Also, the NF1 protein labelings on parallel cultures demonstrated an intense immunosignal for NF1 protein (Fig.  2d) .
Transportation of mRNA to the Cell-Cell Contact Zone Is Not a General Means of mRNA Processing in Differentiating Keratinocytes
Hybridization of the same cultures as in Figure 2a with an NF1 sense-RNA probe did not result in a detectable Induction of keratinocyte differentiation results in rapid elevation of cytoplasmic NF1 (type 1 neurofibromatosis) tumor suppressor expression and subsequent targeting of NF1 mRNA to the cell periphery. a, In situ hybridization for NF1 mRNA in cultured keratinocytes undergoing differentiation. The extracellular Ca 2ϩ concentration was elevated from Ͻ0.1 mM to 1.8 mM to induce keratinocyte differentiation. The subcellular distribution of NF1 mRNA was subsequently analyzed at time points 0 hours (proliferating keratinocytes), 2 to 8 hours (differentiating keratinocytes), and 24 hours (most cells postmitotic). A positive granular color reaction represents digoxigenin (DIG)-labeled cRNA-NF1 mRNA hybrids. The hybrids were identified using alkaline phosphatase reaction resulting in deep purple X-phos-nitroblue tetrazole precipitate. Sense probe was used in negative control hybridizations. b, Northern transfer analysis of total RNA from mouse brain. The hybridization was performed with the same NF1-specific DIG-labeled cRNA probe as in a, visualizing a predicted 11-to 13-kb band specific for NF1 mRNA. Bar, 20 m. hybridization signal (Fig. 2e) , attesting to the specificity of NF1 hybridizations. To investigate whether our cell culture system as such would induce translocation of all mRNAs to the cell periphery, we hybridized the same cultures with a glyceraldehyde 3-P dehydrogenase (GAPDH) sequence-specific probe. Figure 2f demonstrates an even hybridization signal throughout the cytoplasmic compartment of differentiating keratinocytes when the GAPDH antisense cRNA probe was used.
Disruption of Actin-Containing Microfibrillar Cytoskeleton, But Not Microtubules, Causes a Marked Change in the Subcellular Distribution of NF1 mRNA in Differentiating Keratinocytes
Two major routes for mRNA transport have been identified. For instance, in sea urchin oocytes, some mRNA species are transported along microtubules to the final destination. In somatic cells mRNAs are more commonly transported along microfilamentous cytoskeleton. Some mRNAs seem to require both microfilament-and microtubule-dependent transport routes (Bassell and Singer, 1997) . Our hybridization studies on NF1 mRNA showed linear arrangement of NF1 mRNA on some differentiating cells, suggesting association with the cytoskeleton (Fig. 3a) . Thus, in further studies we investigated potential routes of NF1 mRNA targeting via cytoskeletal filaments. Keratinocytes were first induced to differentiate in high extracellular calcium concentration for 1.5 hours, and the cultures were subsequently treated with colchicine or cytochalasin D for 30 minutes to disrupt the microtubular or actin-containing microfilamentous cytoskeleton, respectively. These time points were selected because in our experience high extracellular calcium concentration for 1.5 hours was long enough to initiate NF1 mRNA translocation, and 30 minutes with cytoskeleton-disrupting agents was sufficient to disrupt the specific cytoskeletal components (Fig. 3b) . In situ hybridization for NF1 mRNA was performed in the same cultures (Fig. 3c) . Treatment of differentiating keratinocytes with 5 M colchicine disrupted the microtubular cytoskeleton but did not affect NF1 mRNA targeting. In contrast, treatment of differentiating keratinocytes with 8 M cytochalasin D degraded actin microfilaments and caused a marked change in the subcellular distribution of NF1 mRNA. Specifically, NF1 mRNA was located as patches of fluorescent granules representative of cRNA-NF1 mRNA hybrids in the cytoplasmic compartment of these cells, not in the cell periphery when compared with control or colchicine-treated cells. The number of cells showing polarized targeting of NF1 mRNA was counted on randomly selected fields. Only 4% of cells cultured with cytochalasin D showed polarized targeting of mRNA (Table 1) . When the same analyses were performed on parallel control cultures grown for 2 hours in high calcium, 43% of cells presented polarized NF1 mRNA hybridization signal (Table 1 ). The effect of cytochalasin D, but not colchicine, on NF1 mRNA localization may suggest that NF1 mRNA is transported to the cell periphery via actin-containing microfilaments and that NF1 mRNA may be anchored to actin "vertices" for translation (Jansen, 1999; Nasmyth and Jansen, 1997) . Also, the overall hybridization signal for NF1 mRNA in cytochalasin D-treated cells was weaker than in controls. More specifically, reduction of hybridization signal was more pronounced when the disruption of microfilaments was initiated at 0.5 to 1 hour after induction of keratinocyte differentiation (data not shown). These findings may suggest that dissociation of microfilaments may also affect the stability of NF1 mRNA.
Discussion
NF1 tumor suppressor accelerates the intrinsic rasGTPase activity . NF1 protein has also been shown to form a high-affinity bond with intermediate filaments during the short period when cellular contacts are developed between cultured keratinocytes (Koivunen et al, 2000) . Furthermore, early studies have demonstrated disorganized microfilamentous and intermediate filament cytoskeleton in fibroblasts cultured from neurofibromas of NF1 patients (Peltonen et al, 1984) and have revealed affinity of NF1 protein to microtubules (Bollag et al, 1993; Gregory et al, 1993) . Approaches to elucidate the potential functions of NF1 tumor suppressor have recognized that up-regulation of NF1 gene takes place in normal tissue repair of skin in man and mice (Atit et al, 1999; Ylä-Outinen et al, 1998) . NF1 has been suggested to function as a histogenesis gene (Riccardi, 2000) .
The present study utilized a well-characterized cell culture system in which cellular differentiation of keratinocytes can be induced by elevating extracellular 
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Ca 2ϩ concentration (Eckert et al, 1997) and in which the interaction between NF1 protein and intermediate filaments has been described (Koivunen et al, 2000) . Our previous study (Koivunen et al, 2000) raised a question whether redistribution of existing NF1 protein alone could explain the intense immunosignal for NF1 protein in keratinocytes forming intercellular contacts or whether this phenomenon would require upregulation of the NF1 gene. This prompted us to detect and localize NF1 mRNA under the same culture conditions used previously. The results of the present study demonstrated that elevation of extracellular Ca 2ϩ induced a marked and rapid up-regulation of cytoplasmic NF1 mRNA levels in a subpopulation of differentiating keratinocytes. We have previously shown by RNase protection assays that NF1 mRNA levels can undergo rapid changes in cultured cells (Pummi et al, 2000) . The most unexpected finding of the present study was the polarized transport of NF1 mRNA within the cells. Specifically, NF1 mRNA was targeted towards cell-cell contact zones and only rarely to free edges of cultured keratinocytes.
Previous studies have thus far identified two routes for mRNA targeting within cells: along microtubules or actin-containing microfilaments (Bassell and Singer, 1997) . Our results demonstrated that disruption of microfibrillar cytoskeleton with cytochalasin D caused a marked change in the subcellular distribution of NF1 mRNA in differentiating keratinocytes, whereas disruption of microtubules with colchicine did not affect the distribution of NF1 mRNA. This indicates that NF1 mRNA is transported via actin-containing microfibrils but not significantly along microtubules. The hybridization signal for NF1 mRNA was also weaker in cytochalasin D-treated cells compared with controls. This finding suggests that lack of appropriate trans- NF1 mRNA and protein expression on parallel cultures at early and late stages of keratinocyte differentiation. a and b, Cells were cultured in 1.8 mM calcium concentration for 2 hours to induce cellular differentiation. (a) Arrowheads point to the NF1 mRNA hybridization signal, which is polarized towards the cell-cell contact zone in a subpopulation of differentiating keratinocytes. In contrast, free cell edges were characteristically devoid of NF1 mRNA (arrows). The NF1 mRNA-cRNA hybrids were identified using alkaline phosphatase reaction. (b) In the parallel cultures as in a, the highly intense immunoreaction for NF1 protein is associated with the cytoskeletal filaments extending to the cell periphery in some cells, leaving only a narrow NF1 protein negative gap between the cells. Less intense immunoreaction for NF1 protein is quite diffusive in the cell cytoplasm, in addition to some perinuclear or nuclear immunoreactivity. These intensively NF1-positive streaks have previously been shown to represent NF1 protein associated with bundles of intermediate filaments (Koivunen et al, 2000) . c and d, When keratinocytes were allowed to reach confluency and grow in high Ca 2ϩ concentration for 16 hours, a number of cells were located on top of the original monolayer to form a multilayer constitution. (c) DIG-labeled cRNA-NF1 mRNA hybrids were visualized with ALEXA 488 fluorescence to allow precise determination of the focal planes by laser scanning microscopy. The focal level visualizes NF1 mRNA 12 m above the bottom of the cell culture surface, demonstrating a cell of the second layer. (d) Indirect immunofluorescence with NF1 protein antibody demonstrates that keratinocytes migrating on the second cell layer often displayed an intense immunosignal for NF1 protein. Hybridization on the same culture as in a with a sense NF1 mRNA probe did not result in a detectable hybridization signal (e). Hybridization of the same cultures with glyceraldehyde 3-P dehydrogenase (GAPDH) antisense cRNA probe showed even hybridization signal within the cell (f). Bars, 20 m in all frames.
Figure 3.
NF1 mRNA is transported via actin microfilaments. a, High magnification of a differentiating keratinocyte analyzed by in situ hybridization for NF1 mRNA in the early phase of differentiation (0.5 hour). Most of the hybridization signal is seen scattered throughout the cytoplasm. Arrows point to sites of linear organization of NF1 mRNA. Cell cultures in b and c were allowed to differentiate for 2 hours in 1.8 mM calcium concentration. Colchicine (colc) or cytochalasin D (cytD) was added to some cultures to disrupt the microtubules, or actin microfilaments, respectively. b, Microtubules were visualized using a mouse monoclonal antibody to ␣-tubulin, and actin-containing microfilaments were visualized using ALEXA 488-conjugated phalloidin to demonstrate the specific effects of the drugs. c, In situ hybridization for NF1 mRNA in cells treated as in b. When differentiating keratinocytes were incubated with colchicine to disrupt microtubules, the targeting of NF1 mRNA was comparable to control cells. In contrast, disruption of microfilaments with cytochalasin D caused a marked change in the subcellular distribution of NF1 mRNA. In situ hybridizations for NF1 mRNA were performed using ALEXA 488-conjugated secondary antibodies to primary anti-DIG antibodies (a and c). Sense probe was used in negative control hybridizations shown in c. Bars, 20 m in a to c. port route may affect the steady-state levels of NF1 mRNA.
Targeting of NF1 Tumor
It is feasible to assume that targeting of NF1 mRNA would indeed provide efficiency and economy to cells because the NF1 mRNA is exceptionally large, 12.1 kb as predicted from its sequence and 11 to 13 kb as evaluated by Northern transfer analysis (Wallace et al, 1990; Ylä-Outinen et al, 1998) . Simple diffusion of the NF1 mRNA would be slow compared with smaller mRNAs, and an active targeting route would facilitate its transport. This notion is also emphasized by the fact the NF1 protein is unexceptionally large, approximately 250 kDa as estimated by Western analyses or by calculated molecular mass of 2818 amino acids, which would predict a protein of Ͼ300 kDa (Gutmann et al, 1991) . Transport and potential translation of NF1 mRNA along microfibrils may also provide economy to cellular function by localizing protein synthesis near to the closely located intermediate filament cytoskeleton where the NF1 protein appears during keratinocyte differentiation. Immunoelectron microscopy has also localized NF1 protein near desmosomal cell-cell junctions (Koivunen et al, 2000) . This finding is also in agreement with targeting of NF1 mRNA to the side of cell-cell junctions. Subsequently, targeting of NF1 mRNA along cytoskeletal filaments to the cell-cell junctional area coincides well with findings described at the protein level.
Targeting of NF1 mRNA to the immediate vicinity of the plasma membrane and potential local translation would also direct the synthesis of NF1 protein to the vicinity of ras-GTP, because active ras is attached to the plasma membrane through a farnesyl residue. Interestingly enough, Mochizuki et al (2001) have recently demonstrated that when COS-1 cells were stimulated with epidermal growth factor, active ras was mostly located at free edges of the cells. They also speculate that GTPase-activating protein activity is most intense in the cell-cell contact zones, which causes more inactivation of ras in these areas (Mochizuki et al, 2001 ). Targeting of NF1 mRNA to the cell-cell contact zone might be a mechanism to increase GTPase-activating protein activity at these locations.
Nucleotide sequences that are required for transportation of mRNAs along microfilaments or microtubules are located in the 3'-UTR (Bassell et al, 1999) . 3'-UTR mutations in the NF1 gene have been detected in patients with type 1 neurofibromatosis (Upadhyaya et al, 1995) . It is thus feasible to speculate that defective NF1 mRNA targeting may cause type 1 neurofibromatosis in selected cases. Furthermore, Haeussler et al (2000) have demonstrated the presence of five putative protein-binding segments in the 3'-UTR of the NF1 mRNA.
Collectively the findings of the present and other recent studies (Atit et al, 1999; Koivunen et al, 2000; Ylä-Outinen et al, 1998) emphasize the role of NF1 tumor suppressor in controlling the formation of cell contacts, communication, and cell migration. These findings may also elucidate the interaction of NF1 protein with ras-GTP, because NF1 mRNA is targeted towards the specific cell intersection where active ras-GTP exerts its function. Active transport via actin microfilaments is the major pathway where NF1 mRNA is traveling to its destination. All reasons affecting the cytoskeleton or regulation of the NF1 gene may be responsible for disturbances in NF1 mRNA targeting and thus result in defective cell signaling or histogenesis.
Materials and Methods
Cell Culture
Human keratinocyte cultures were established from skin samples by a modification of the method described by Boyce and Ham (1985) . Skin samples were obtained from operations performed for cosmetic reasons from 10 healthy persons (aged 20 -67 years) at the Department of Surgery, University of Turku, Finland, with the appropriate approval of the Joint Ethical Committee of the University Hospital of Turku and the University of Turku. Keratinocytes (third to eighth passages) were used for experimentation. Before experimentation, cells were seeded on slides for in situ hybridization experiments or on coverslips for protein detection and grown until about 40% to 60% confluence in serum-free low-calcium keratinocyte growth medium (KGM; Gibco BRL/Life Technologies TM, Gaithersburg, Maryland). The medium was subsequently changed to defined KGM (Gibco BRL/Life Technologies TM) containing either low Ͻ0.1 mM or high 1.8 mM calcium concentration. Cells were harvested at time points of 0, 0.5, 1, 2, 4, 8, 12, 16, 24 , and 48 hours and fixed with ethanol.
Selective disruption of different types of cytoskeletal filaments was performed as in previous studies (Jansen, 1999) . Cell cultures were first incubated in defined KGM supplemented with 1.8 mM calcium (time points 1, 2, and 4 hours of differentiation). When disrupting actin-containing microfilaments, the differentiating cultures were treated with 8 M cytochalasin D (Calbiochem-Novabiochem, La Jolla, California), and for disrupting of tubulin-containing microtubules, the cell cultures were treated with 5 M colchicine (Sigma, St. Louis, Missouri) for last 30 minutes, 1 hour, or 2 hours. The cultures were then fixed and processed for in situ hybridization or immunohistochemistry as described above. The efficiency of cytoskeletal-disrupting agents was controlled by immunohistochemistry.
Plasmid Constructs
A 650-bp mouse NF1-specific cDNA fragment corresponding to bases 230 to 880 of human NF1 gene (acc:M89914) was amplified from mouse fibroblast RNA. The PCR product was cloned to the BamHI (Pharmacia, Uppsala, Sweden) site in pBluescript SKvector (Stratagene, La Jolla, California) . SacII and PstI sites were used to further clone the insert in pGEMvector (Promega, Madison, Wisconsin). All cloning steps were confirmed by automated sequencing (ABI 373 DNA sequencer; Applied Biosystems, Foster City, California). pGEM-MR1SP plasmid was linearized with Ylä-Outinen et al either NotI or SalI (Pharmacia) to generate templates for sense and antisense oriented RNA probes, respectively. The linear plasmids were purified using phenolchloroform extraction and ethanol precipitation before in vitro transcription. For reference, a 757-bp NsiI-PstI fragment of rat GAPDH cDNA was cloned to the pGEM vector (Promega). The plasmid was linearized with either NotI or SalI (Pharmacia) for the synthesis of sense and antisense oriented cRNA probes.
In Vitro Transcription
Synthesis of DIG-labeled cRNA probes was performed using DIG RNA labeling kit SP6/T7 (Roche Diagnostics, Mannheim, Germany) following the protocol provided by the manufacturer. T7 RNA polymerase was used for the synthesis of the antisense probe using 1 g of SalI-digested pGEM-MR1SP plasmid as a template, and SP6 RNA polymerase was used to generate the sense probe using 1 g of NotI-digested pGEM-MR1SP plasmid as a template. The transcripts were purified with ethanol precipitation, and the yield of synthesized labeled RNA was estimated using the DIG Nucleic Acid Detection kit (Roche Diagnostics). Aliquots of cRNAs were also checked on agarose gel.
In Situ Hybridization
Cells were grown on slides and fixed with absolute ethanol for 1 minute, with 96% ethanol for 1 minute, and with 70% ethanol for 1 minute at room temperature and transferred to PBS. The samples were pretreated with 0.2 M HCl, 0.15 M NaCl for 20 minutes at room temperature, incubated twice in 2 mg/ml glysin-PBS, and acetylated in 0.1 M triethanolamine, pH 8.0, 0.25% acetic anhydride solution for 10 minutes. Slides were incubated in 1ϫ SSC twice for 5 minutes, followed by dipping twice in the dH 2 O. Thereafter samples were dehydrated with ethanol series and air dried. Slides were heated to 90°C for 5 minutes and cooled over ice. Each sample was overlaid with prehybridization solution containing 50% formamide, 0.6 M NaCl, 2 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1.0 mg/ml BSA, 0.02% polyvinylpyrrolidone, 0.02% Ficoll, 10 mM dithiothreitol, 0.2 mg/ml single stranded DNA, and 10% dextran sulfate and incubated in the chamber humidified with 5ϫ SSC-50% formamide solution at 45°C for 1 to 3 hours. Prehybridization mixture was removed, and the sections were overlaid with hybridization mixture containing 300 ng of cRNA probe for each sample in prehybridization mixture. All samples were prepared as duplicate and hybridized separately with sense and antisense NF1 probes at 45°C overnight in a humid chamber or at 55°C for GAPDH probes.
Posthybridization treatments were started with two 4ϫ SSC washes. Unbound RNA probe was removed with RNase treatment using 0.04 g/ml RNase A in 500 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA for 30 minutes in 37°C. Slides were washed in 2ϫ SSC, 1 mM EDTA for 5 minutes at 37°C; followed by two washes with 1ϫ SSC, 1 mM EDTA for 5 and 10 minutes at 37°C; once with 0.5ϫ SSC, 1 mM EDTA at 37°C for 10 minutes; once with 0.1ϫ SSC, 1 mM dithiothreitol, 1 mM EDTA at 45°C for 30 minutes; and finally with 0.1ϫ SSC for 5 minutes at room temperature.
DIG-labeled cRNA probe was detected with two alternative immunocytochemical methods. A sheep anti-DIG antibody coupled to alkaline phosphatase (Roche Diagnostics) was used with color-forming substrate solution containing nitrobluetetrazole/5-bromo-4-chloro-3-indolyl phosphate and levamisole according to the protocol provided by the manufacturer. A mouse anti-DIG antibody (Roche Diagnostics) and Alexa Fluor 488 signal-amplification kit for mouse antibodies (Molecular Probes, Eugene, Oregon) were used for immunofluorescent detection of labeled cRNA probe. Briefly, slides were washed twice with PBS, and 6% BSA-PBS was used for blocking of unspecific binding at room temperature for 30 minutes; slides were washed again with PBS and then incubated with mouse anti-DIG antibody 1:100 dilution in 1% BSA-PBS for 1 hour, followed by three PBS washes. Slides were incubated for 30 minutes in 1:200 dilution of Alexa Fluor 488 rabbit anti-mouse IgG 1% BSA-PBS solution and washed three times with PBS. The immunofluorescence was enhanced with incubation in Alexa Fluor 488 goat anti-rabbit IgG (1:200 dilution; Molecular Probes) in 1% BSA-PBS solution for 30 minutes at room temperature, and slides were washed with PBS, dipped in water, and mounted with fluorescent mounting medium (DAKO, Glostrup, Denmark).
NF1 mRNA hybridization signal was quantitatively analyzed in randomly selected microscopic fields. Pearson 2 test was used for statistical analysis of mRNA targeting in cells cultured in low versus high calcium concentration, and cells cultured with or without cytochalasin D.
Isolation of RNA and Northern Hybridization
Isolation of total RNA from mouse brain was performed using commercial TRIZOL reagent (Life Technologies). Briefly, 100 g of tissue sample was homogenized in 1 ml of TRIZOL reagent and total RNA was isolated according to the manufacturer's instructions using commercial TRIZOL reagent from Life Technologies.
Samples of total RNA (20 g/lane) were electrophoresed on 0.9% agarose gels under denaturing conditions, transferred to nylon membranes (Zeta-probe; BioRad Laboratories, Hercules, California) and immobilized by heating at 80°C for 2 hours. Hybridization and immunodetection of the signal were performed according to the DIG Nucleic Acid Detection kit manual (Roche Diagnostics). DIG-labeled NF1 cRNA probe concentration was 200 ng/ml.
Protein Labelings
Commercial rabbit antibody to NF1 protein, NF1GRP(D) (Santa Cruz Biotechnology, Inc. Santa Cruz, California) and monoclonal ␣-tubulin antibody (Sigma Chemical Company, St. Louis, Missouri) were used as a primary antibody in indirect immunofluorescence studies. Cell cultures were fixed in Ϫ20°C methanol for 5 minutes for NF1 labeling and in 3% paraformaldehyde, 0.2% Triton X-100 for 10 minutes for ␣-tubulin at room temperature. To prevent nonspecific binding, the samples were preincubated in PBS supplemented with 1% BSA for 30 minutes. Cells were incubated with primary antibodies, diluted in 1% BSA-PBS, at room temperature for 1 hour. After three washes in PBS, the cells were incubated with the secondary antibodies at room temperature for 1 hour. Alexa Fluor 488-conjugated goat anti-mouse IgG (Molecular Probes) was used as secondary antibody for tubulin and rhodamine-conjugated swine anti-rabbit (Sigma) was used for NF1 protein. After three washes in PBS, the samples were mounted with Immu-Mount (Shandon, Pennsylvania). In negative control samples, the primary antibody was replaced with 1% BSA-PBS, and only a faint uniform background fluorescence was observed.
Alexa Fluor 488-conjugated phalloidin (Molecular Probes) was used to stain actin filaments. Cells were fixed with 3% paraformaldehyde, 0.2% Triton X-100 for 10 minutes at room temperature, washed three times in PBS, and preincubated in 1% BSA-PBS for 30 minutes. Alexa Fluor 488-conjugated phalloidin was diluted in 1% BSA-PBS and applied on samples for 1 hour. After three washes with PBS, the samples were mounted with Immu-Mount (Shandon).
